Abstract-Results of a comparative experimental investigation of various media for noninvasive diagnosis of rotor faults in induction motors are presented. Stator voltages and currents in an induction motor were measured, recorded, and employed for computation of the partial and total input powers and of the estimated torque. Waveforms of the current, partial powers and , total power, and estimated torque were subsequently analyzed using the Fast Fourier Transform. Several rotor cage faults of increasing severity were studied with various load levels. The partial input power was observed to exhibit the highest sensitivity to rotor faults. This medium is also the most reliable, as it includes a multiplicity of fault-induced spectral components.
I. INTRODUCTION
N ONINVASIVE diagnosis of electric machine faults has attracted a vivid interest of researchers, due to both the high importance of this issue as well as the abundance of improved hardware and software tools for signal processing. Various approaches to fault detection have been reported in the literature. Use of the machine intelligence systems [1] - [3] , and spectral analysis ("signature analysis") of a selected motor variable, usually the stator current [4] , [5] , are the most common approaches. The motor variable indicative of faults in the motor is referred to as a diagnostic medium. Published studies on diagnostic media other than the current dealt with the input power and the estimated torque [6] - [8] .
This paper reports results of research on sensitivity of various diagnostic media. Specifically, their spectral response to bar and ring breakage in the rotor cage of an induction motor supplied directly from the power system was investigated experimentally. The diagnostic media studied included the following: 1) line current , in phase of the supply line; 2) partial input power , calculated as a product of the line-to-line voltage and line current ; 3) partial input power , calculated as a product of the line-to-line voltage and line current in phase of the supply line; 4) total input power , a sum of and ; 5) estimated torque of the motor.
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A theoretical discussion of the diagnostic potential of these media is presented briefly. The experimental arrangement is described and the results are presented and discussed. The paper concludes on the relative usefulness and reliability of the five diagnostic media studied when attempting to identify a faulty rotor cage.
II. THEORETICAL BACKGROUND
For a hypothetical ideal motor supplied from a balanced three-phase source of sinusoidal voltages and driving a constant load, the following waveforms of selected stator voltages and currents may be assumed:
where , rms values of the line-to-line voltage and line current, respectively; supply frequency in radians per second; power-factor angle. Multiplying by and by yields partial instantaneous input powers and given by (5) and (6) The two partial powers add up to the total instantaneous input power , expressed by the well-known formula
Thus, in an ideal motor, the total instantaneous input power is constant and it is equal to the average real power supplied to the motor. This approach to determination of the total input power corresponds to the popular two-wattmeter method of power measurement. When an abnormality, such as the rotor cage fault, motor-load shaft misalignment, broken teeth in the load gearbox, or vibration, develops in the drive system, the current, torque, and speed of the motor are affected, typically, in a periodic manner. In the case of periodic disturbances, all three line currents , and are simultaneously modulated with the fundamental frequency of the fault-induced oscillation of motor variables. Thus, currents in phases and of the supply line may now be expressed as (8) (9) where denotes the modulation depth (modulation index) and . The value of the modulation index depends on the severity of the abnormality.
Substituting (3) in (8) yields (10) indicating that the spectrum of stator current contains, apart from the fundamental equal to the supply frequency , two Clearly, in addition to the fundamental, here equal , and sideband components, at , the partial powers have a fourth spectral component, directly at , subsequently called a characteristic component. This component is characteristic of the abnormality, not of the motor. The total input power, given by (13) has only the dc and characteristic components. Note that amplitude of the characteristic component is different for each of the powers studied. Specifically, if , the largest characteristic component is that of , while for it is the characteristic component of that has the highest value. Throughout the whole range of the possible power-factor angle of induction motors, the characteristic component of is greater than that of . This indicates to be the monitored power (this is only valid for the positive phase sequence assumed in (1)- (4) and for an induction machine working as a motor). In practice, the current is modulated with respect to not only the amplitude but also the phase, and the modulation process is more complex than that described by (9) , but the derived equations, (10)-(13), provide an adequate basis for qualitative assessment of individual diagnostic media. The developed torque of the induction motor is roughly proportional to , therefore, similar spectral makeup of these two variables can be expected. Since direct torque measurements are impractical, the estimated torque was used as a diagnostic medium. Here, this torque was calculated as where denotes the stator resistance and the and components of the initial stator flux vector were selected so that and had no dc component (offset).
III. EXPERIMENTAL SETUP
In the experiments, a 1.1-kW 400-V, 50-Hz two-pole induction motor with the stator resistance of 8.8 /ph was used. As shown in Fig. 1 , it was supplied directly from the power line and equipped with voltage, current, and speed sensors. The load, a dc generator with a resistive load, allowed setting the desired torque. Recorded data were subsequently processed using the Matlab software package. The Fast Fourier Transform (FFT) was computed and the power spectra were plotted. Faults of various severity were produced in the 16-bar rotor. The following cases were studied experimentally: 1) healthy rotor; 2) one bar partly broken; 3) one bar broken; 4) two bars broken; 5) three bars broken; and 6) both a bar and the end ring broken. For For the purpose of this study, only cases 3)-6), subsequently called fault 1, fault 2, fault 3, and fault 4, respectively, were considered, each with three slip values: 0.02, 0.04, and 0.06. Advantage was taken from the well-known fact that a rotor cage fault results in sideband harmonics of the stator current that differ from the fundamental by even multiples of the slip frequency [9] . Hence, for example, for the supply frequency of 50 Hz and slip of 0.04, sideband components closest to the 50-Hz fundamental may be expected in the power spectrum of current at (50 2 0.04 50) Hz, that is, at 46 Hz and 54 Hz. Power spectra were determined in the per-unit format, with a logarithmic amplitude scale. As the base value of total power and torque, the amplitude of the dc component was used. The amplitude of the fundamental, 50-Hz, component was chosen as the base value for voltage and current. Spectra of the partial power were computed in two versions, with both the dc component and the fundamental, 100-Hz, component taken as the reference.
IV. EXPERIMENTAL RESULTS
To exemplify the results, selected spectra are shown. The spectrum of voltage in Fig. 2 contains a relatively large fifth harmonic. Spectra of all diagnostic media with fault 1 (one broken bar) are shown in Figs. 3-7 , for , and , respectively. For these, the motor was loaded to give a slip of 0.06, that is, a slip frequency of 3 Hz. Spectra of the partial input powers were plotted here with respect to the value 0 dB of dc component as base.
It may be seen that the spectral components coincide with the predicted values, that is, 6 Hz (2 3 Hz) for the powers and torque, 44 Hz (50 Hz 2 3 Hz) and 56 Hz (50 Hz 2 3 Hz) for the current, and 94 Hz (100 Hz 2 3 Hz) and 106 Hz (100 Hz 2 3 Hz) for the partial powers. Secondary components, representing even and higher than two multiples of the slip frequency, are also visible. As expected, the partial power exhibits greater amplitudes of spectral components than . Consequently, will subsequently be the only partial power considered as a diagnostic medium. Concerning the sideband components, those to the right of the fundamental are barely discernible, and do not seem to be of practical value for fault diagnosis. In contrast, the components to the left of the fundamental are prominent in all the spectra presented. The 50-Hz component in the spectra of the powers is the result of unbalanced voltages. In the spectrum of torque, the same component is additionally accentuated by the estimation process, involving integration and requiring an accurate value of the stator resistance.
Clearly, the diagnosis of rotor faults is easier under high load conditions, since on no load the rotor cage hardly carries any current. This is especially true for the current signature analysis, as seen in Fig. 8 , illustrating the 0.02 case. The powers, particularly the partial power, have an attraction at low slip values, as shown in Fig. 9 , which depicts the spectrum of partial power for fault 1 at slip of 0.02. Although the sideband components are indiscernible, the characteristic components at 2 and 4 Hz are very prominent. However, in all fairness, it should be noted that the often poor resolution of the sideband components demonstrated in this study may result more from the way the FFT is computed than from the underlying physical phenomena.
As was predicted, the fault-related spectral components tend to grow in amplitude with the extent of the fault. This is illustrated in Fig. 10 , which shows the spectrum of partial power for fault 3 and with the slip of 0.06. Similar spectra for faults 2 and 4 are shown in Figs. 11 and 12 , respectively. Comparing these spectra, it may be seen that from the point of view of spectral effects, fault 4 (one broken bar and broken end ring) ranks in severity between fault 1 (one broken bar) and fault 2 (two broken bars).
V. DISCUSSION OF THE RESULTS
Amplitudes of the spectral components related to the double slip frequency are summarized in Table I for all the spectra obtained in the course of this study. Consistently, the most reliable fault indication was obtained from the lowest frequency components, that is, the sideband in the spectrum of current and the characteristic component, directly at , in the spectra of all the remaining variables. Taking an average amplitude of the most pronounced component for each medium, the following ranking, from the most to least sensitive, results: 1) partial power referred to the dc component: dB; 2) estimated torque: dB; 3) total power: dB; 4) partial power referred to the fundamental: dB; 5) current:
dB. The high amplitude of spectral components indicative of the fault is not the only quality expected from a good diagnostic medium. Consider, for instance, the sideband component in the spectrum of partial power in Fig. 11 , which exhibits a relatively large amplitude of dB. However, at about 4 dB only, its local resolution, that is, the difference between the peak and the closest minimum, is poor. In a noisy spectrum, such a component could easily be overlooked. Therefore, the local resolution of fault-related spectral components is important, too. The impact of the employed methods of measurement and spectrum computing on this factor needs further studies. The local resolution of individual spectral components from Table I is given in Table II . Based on the average local resolution of the most prominent spectral component, the ranking of the media is as follows: 1) total power: 33.2 dB; 2) partial power referred to the fundamental: 29.5 dB; 3) partial power referred to the dc component: 29.3 dB; 4) estimated torque: 25.4 dB; 5) current: 12.7 dB. As an overall indicator of quality, the sum of the average amplitude and local resolution may be used. This indicator yields the following final ranking of the diagnostic media considered: 1) partial power referred to the dc component: 12.6 dB; 2) total power: 6.8 dB; 3) partial power referred to the fundamental: 3.0 dB; 4) estimated torque: dB; 5) current:
dB. The stator current, which is popularly used in the practice of motor diagnosis, has been assessed here as the least useful diagnostic medium. The dominant rationale behind the choice of stator current as diagnostic medium is that the stator voltage, unaffected by the conditions of drive system, adds no pertinent information. However, multiplication of corresponding current and voltage samples seems to enhance the fault-warning signals. The instantaneous powers, both total and partial, appear to be better suited for diagnosis of rotor abnormalities than the stator current.
The "winner," the partial power , provides an additional advantage as it is the only medium characterized by both sideband and characteristic components. Although the sideband component is often insignificant, the other, , sideband component may be employed for verification of the characteristic component in noisy spectra. This diagnostic medium has already been promoted in [7] and [10] . However, no comparative investigations have been reported, and the extent of experiments is significantly greater here.
Although it is a valid diagnostic medium, the estimated torque seems to offer no advantage over the instantaneous power, which is determined with a greater degree of accuracy. Theoretically, just after the rotor current, which is inaccessible for direct sensing, the developed torque is the diagnostic medium most affected by rotor faults. In reality, the developed torque is also inaccessible, while inaccuracies in the computation of the estimated torque compromise the usefulness of this medium.
VI. CONCLUSION
Extensive experiments carried out on an induction motor with various rotor faults and under various load conditions have shown the usefulness of the total and partial instantaneous power as diagnostic media for rotor faults in induction machines. The stator current, which is regularly used in motor signature analysis, yielded inferior results.
The experiments were carried out on a motor supplied directly from the 50-Hz line. However, should the motor be fed from a pulsewidth modulation inverter, the spectra of the diagnostic media are unlikely to change significantly at the low frequency range considered. Switching frequencies in modern inverters, typically in the range of 2-20 kHz, are greater from the output frequencies by more than one order of magnitude. Thus, the switching-related spectral components are well above the frequency range of interest to the fault diagnosis. This claim will be a subject of further study.
If a motor is supplied from an inverter operating in the square-wave mode, the resultant harmonics appear at integer multiples of . Generally, spectral components at multiples of the supply frequency, which can be observed in most of the spectra presented, are ignored in algorithms for detection of mechanical abnormalities in the drive system. Only frequencies related to the rotational frequency are of interest here. As an aside, it should be mentioned that spectral components coinciding with the supply frequency or its multiples may indicate electrical faults in the stator which, however, are out of the scope of this paper.
The study was limited to rotor faults only. Therefore, any extension of the ranking of the individual diagnostic media would be inappropriate. It is conceivable that the fault sensitivity of each medium depends on the type of fault present, and more research is certainly needed. Hopefully, the results presented will enhance the understanding of the application of various variables to the diagnosis of abnormalities in induction motor drives. 
